We present a case of a 26-year-old man who sustained a close-range gunshot wound to the head. His injuries included significant left orbital injury resulting in a ruptured, blind eye and severely comminuted fractures of the left orbital roof, superior and inferior orbital rims, and orbital floor. Associated injuries included left frontal lobe injury, anterior and posterior table fractures of the left frontal sinus, and a comminuted left zygomaticomaxillary complex fracture. We employed an interdisciplinary surgical approach with collaboration among the Otolaryngology, Neurosurgery, and Oculoplastic Surgery services performed in two stages. Management of such extensive craniofacial injuries can be challenging and requires a coordinated, interdisciplinary approach.
Introduction
Penetrating cranio-orbital trauma is relatively rare and presents challenges in surgical reconstruction and rehabilitation. Injuries associated with this type of trauma can be extensive, and management generally involves the expertise of multiple treating specialties. In this article, we present a case involving penetrating cranio-orbital trauma from a gunshot wound and discuss our approach to surgical reconstruction and important aspects of management, including reconstruction of the frontal sinus and anterior skull base, reconstruction of the orbit, and orbital rehabilitation.
Case report
A 26-year-old man presented to our trauma center after sustaining a close-range gunshot wound to the left frontal region with a handgun. On initial examination in the trauma bay, he had a Glasgow Coma Scale (GCS) score of 14 and was found to have an entrance wound in the left anterior scalp with an exit wound just below the left mandible and anterior neck. Aside from the bullet wounds, there was minimal external soft-tissue injury, although significant left facial swelling, periorbital edema, and ecchymosis were present.
A maxillofacial computed tomography (CT) scan obtained at presentation showed extensive left facial and orbital trauma. The patient's injuries included significant left orbital injury resulting in a ruptured, blind eye and severely comminuted fractures of the left orbital roof, superior and inferior orbital rims, and orbital floor (figure 1). Associated injuries included left frontal lobe injury, comminuted left frontal sinus fractures involving the anterior and posterior tables, and a comminuted left zygomaticomaxillary complex (ZMC) fracture.
After initial resuscitation and stabilization in the trauma bay, the patient was transferred to the surgical intensive care unit. Examination by the Ophthalmology service demonstrated that the patient had no light-perception vision in his left eye. Although his neurologic status remained stable, he was later sedated and intubated because of persistent vomiting and concerns over increased intracranial pressure.
After initial consultation and evaluation of the patient, a two-stage primary reconstruction plan was formulated in collaboration among the Otolaryngology, Neurosurgery, and Oculoplastic Surgery teams. The patient underwent the first stage of reconstruction with Neurosurgery and Otolaryngology 1 day after his initial injury. The scalp was reflected anteriorly via a bicoronal approach, with care taken to preserve the pericranium (figure 2). A left frontal craniotomy was performed, revealing a dural injury overlying the left frontal lobe with brain herniating through the anterior portion of the frontal bone flap. This was repaired primarily with multiple interrupted nylon sutures to create a watertight closure. Exploration of the left anterior skull base revealed a severely comminuted left orbital roof with several bony fragments. A split-thickness calvarial bone graft was harvested from the frontal bone flap and cut to the appropriate shape and configuration of the superior orbital roof defect. The autogenous bone graft was placed over the defect and rigidly fixated in a cantilevered fashion with a titanium plate anteriorly ( figure 3 ). This allowed for reconstruction of the superior orbital roof in addition to separating the orbital contents from the intracranial cavity.
After placement of the bone graft, the superior orbital rim was rigidly fixated with two separate 1.3-mm titanium plates using 4-mm screws. Attention was then directed to the severely fractured left frontal sinus.
The mucosa of the left frontal sinus was stripped and a diamond burr was used to remove all remaining mucosa from the bone. The right frontal sinus was not involved and did not require surgical intervention. A 1 × 2-cm piece of temporalis muscle was cut and used to plug the frontal sinus outflow tract and frontal recess. The pericranial flap, measuring 10 × 20 cm, was then placed into the frontal sinus and cranialized region to provide coverage over the remaining bone. The frontal bone and anterior table of the frontal sinus were reconstructed with a combination of titanium mesh and plates. The mesh served to bridge the area of missing anterior frontal bone. After completion of the reconstruction, the dura was tacked to the frontal bone and the bicoronal incision was closed.
Four days after the initial procedure, the patient underwent the second stage of reconstruction with Otolaryngology and Oculoplastic Surgery. At this point, the patient was more hemodynamically stable and his intracranial pressures were near normal. The maxilla and ZMC fracture were exposed via a standard intraoral, sublabial approach. The left globe was then enucleated, revealing a soft, ruptured globe with multiple scleral lacerations. After enucleation, a standard transconjuctival approach with canthotomy and cantholysis was used to expose the orbital rim and floor. The ZMC was reduced and rigidly fixated with a 1.3-mm plate along the inferior orbital rim and a 1.5-mm plate along the zygomaticomaxillary lateral buttress.
Because there was very little viable bone left of the orbital floor and no posterior ledge available to hold an orbital floor implant, a cantilevered titanium mesh was used to reconstruct the orbital floor. The mesh was cut to the appropriate shape and configuration and placed so that it extended just past the level of the maxillary sinus wall. The mesh was angled to mimic the natural position of the orbital floor and then fixated to the remaining orbital rim in two locations with 4-mm screws (figure 4). After reconstruction of the bony orbit, an 18-mm silicone sphere implant was placed with reattachment of the extraocular muscles, and a temporary tarsorraphy of the left eye was performed.
Postoperatively, there was no evidence of a persistent cerebrospinal fluid (CSF) leak or intracranial infection. The patient continued to have some mild neurologic and cognitive deficits, likely related to the traumatic brain injury. Neurorehabilitation was initiated, and he was discharged home 11 days after his initial injury.
After discharge, the patient did relatively well with his outpatient rehabilitation. From a neurologic standpoint, he had no focal motor deficits and had not experienced any post-traumatic seizures. There was complete numbness over the left forehead in the V1 distribution of the trigeminal nerve. He was followed by a neuropsychiatrist for symptoms of depression and had only mild deficits in measures of learning, memory, and verbal fluency. However, chronic headaches were an ongoing issue, possibly related to the injury itself, depression, medication overuse, or a combination of these factors.
In terms of orbital rehabilitation, the ocularists were unable to place an appropriately sized ocular prosthesis because a retained bone fragment was present in the superior orbit (figure 4). The patient was also noted to have a deep superior sulcus and severe ptosis with no levator function (figure 5). He subsequently underwent an additional procedure to remove the displaced bone fragment, replace the original 18-mm silicone ocular implant with a 20-mm implant, and place a dermal-fat graft to provide additional volume augmentation. In the future, persistent ptosis after fitting of his prosthesis may require a ptosis shelf on his prosthesis or possibly a frontalis suspension procedure.
Discussion
Penetrating cranio-orbital trauma is relatively rare, particularly in the civilian population. We have described a case of a young male patient who sustained a gunshot wound to the head resulting in severely comminuted fractures of the left frontal sinus, skull base, orbit, and maxilla in addition to injury of his left frontal lobe. This case illustrates the complexity of cranio-orbital penetrating trauma and the need for a coordinated, interdisciplinary approach to surgical reconstruction. Management of this type of injury is focused on addressing immediate life-threatening issues followed by minimizing the risk of significant acute and long-term complications associated with the injuries.
Cranio-orbital injury carries a complication rate that is approximately double that of penetrating cranial injury alone. 1 Potential complications of cranio-orbital injury include infection, traumatic arteriovenous fistula, intracranial hemorrhage, CSF leak, epileptic seizures, and loss of mental and motor function. 2 Given the pattern of injuries, management should be prioritized based on acuity and potential risk of complications. The goals of surgical repair and reconstruction for our patient were: • exploration and repair of intracranial and dural injuries; • cranialization of the frontal sinus to separate the sinonasal and intracranial cavities;
• reconstruction of the orbit and restoration of orbital volume;
• reconstruction of the ZMC; and • enucleation of the nonviable globe and placement of an ocular implant.
Intracranial and frontal sinus injury management.
The primary early management goal is to address the patient's intracranial injury, including exploration and repair of any dural injury that would result in a CSF leak and serve as a means for development of intracranial infection. Given this potentially significant risk, management strategies should initially focus on the frontal sinus. 3 CSF leak is seen in up to one-third of patients with frontal sinus fractures and presents a risk for intracranial infections, including meningitis and brain abscess. 4 In one series, one-third of patients with a post-traumatic CSF leak developed ascending bacterial meningitis. 5 Although our patient did not manifest evidence of a gross CSF leak on presentation, the pattern of injury made the likelihood of dural injury very high. Additionally, given the severely comminuted frontal sinus and orbital roof fractures, separation of the contaminated paranasal sinuses and intracranial space was also critical to minimizing the risk of intracranial infection.
Collaboration between Neurosurgery and Otolaryngology enabled the simultaneous repair of the intracranial and dural injuries, as well as the anterior skull base defect involving the frontal sinus and orbital roof. The injured frontal lobe region, orbital roof, and frontal sinus were approached via a bicoronal incision and left frontal craniotomy. In terms of anterior skull base reconstruction, the bicoronal approach is advantageous in that it provides direct visualization and a good three-dimensional understanding of the fracture pattern. This approach also facilitates precise reduction and osteosynthesis, and it allows for the easy harvest of cranial bone grafts. 6 Although there is a trend for conservative management of frontal sinus fractures in specific scenarios, 7 extensive comminuted fractures involving both the anterior and posterior tables essentially leave cranialization as the only option for management. In frontal sinus cranialization, the posterior table of the frontal sinus is removed entirely and the sinus mucosa is then stripped to prevent trapping of any mucosal elements, to minimize the risk of future mucocele or mucopyocele development.
Obstruction of the frontal sinus outflow tract (FSOT) has been identified as an important factor in frontal sinus fracture management strategies. 8 In our case, the FSOT was compromised by the extensive injuries and therefore was subsequently plugged with temporalis muscle to separate the remainder of the sinonasal cavity from the intracranial contents. Additionally, after repair of the orbital roof defect with a split-thickness calvarial bone graft, an anteriorly based pericranial flap was used to provide coverage of the anterior skull base to help isolate the intracranial cavity from the orbit, as well as from the cranialized frontal sinus region.
The pericranial flap has been commonly used in frontal sinus fractures and anterior skull base reconstructions because of its robust vascular supply. 4 Maxillary and orbital reconstruction, enucleation, and rehabilitation. One of the primary goals in orbital fracture reconstruction is restoration of the original orbital volume. Important principles in the management of complex orbital fractures include adequate exposure of the involved area, proper fracture reduction and osteosynthesis, and exclusive and liberal use of autogenous bone grafts. 6 Our first-stage reconstruction addressed repair of the frontal sinus injury as described above in addition to management of the orbital roof fracture. To achieve restoration of the normal bony contour of the orbital roof, we utilized a split-thickness calvarial bone graft combined with rigid fixation of the superior orbital rim. Both autogenous bone and alloplastic materials have been successfully employed for orbital roof repairs. 9 Autogenous calvarial bone grafts have long been used in orbital reconstruction and have been shown to have good long-term results. 10 Advantages of autogenous bone grafts include resistance to infection, incorporation by the host into new bone, lack of host immune response against the graft, and lack of concern for late extrusion. 9 Although the iliac crest is another possible source of autogenous bone, the calvarial bone graft can be easily harvested through the bicoronal approach and demonstrates less resorption over time. 9 Our second-stage reconstruction involved collaboration between Otolaryngology and Oculoplastic Surgery to repair the inferior orbital rim and floor, followed by enucleation and subsequent ocular implant placement. A variety of techniques and materials are available to repair orbital floor defects; however, in our case, given the degree of comminution and lack of a posterior bony ledge for implant placement, a titanium mesh was fix-ated in a cantilevered fashion to reconstruct the floor.
Titanium mesh has become a popular choice for primary orbital reconstruction as it can be easily contoured and provides adequate strength to support the orbital contents across large defects. 11 In addition, titanium demonstrates good biocompatibility, resistance to infection, and is more amenable to follow-up CT or magnetic resonance imaging as it rarely produces artifacts. 12 Trauma is the most common cause of a blind, painful eye and the leading indication for enucleation in the United States. 13 Penetrating globe trauma may also lead to sympathetic ophthalmia, a rare condition characterized by bilateral, granulomatous uveitis; it has an incidence ranging from 0.001% to 2.0% of traumatized eyes. 13 Removal of severely traumatized eyes within 10 to 14 days of injury is recommended to minimize the possibility of sympathetic ophthlamia. 13 Another goal of enucleation is removal of the diseased globe and creation of a functional socket that facilitates fitting and retention of an ocular prosthesis. 14 Primary implant placement at the time of enucleation is generally advocated, although there is no consensus on the specific type of ocular implant used. 13 An ocular implant serves to replace globe volume, provide motility to the ocular prosthesis, and maintain cosmetic symmetry with the contralateral eye. 13 One of the complications of enucleation is postenucleation socket syndrome (PESS), characterized by enophthalmos, a deep superior sulcus, lower lid laxity, and ptosis. 15 Since the time of enucleation and implant placement, our patient has developed signs of PESS, likely related to inadequate volume correction or orbital volume contraction secondary to the trauma and subsequent enucleation.
Accurate orbital volume determination and correction in the setting of extensive trauma can be especially challenging. Kaltreider and colleagues developed a formula to 
